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Abstract 
A general method is proposed for the derivation of traction-separation laws for cohesive models, which is based on numerical 
simulations of a representative volume element with heterogeneous microstructure. The failure of this microstructure may involve 
various damage mechanisms, which are to be included in the simulation. From the mesoscopic response of the micromechanical model 
the complete traction-separation law is extracted, which in general depends on the applied triaxiality and other field quantities like 
loading rate. The derived traction-separation law can then be used in structural finite element analyses, where the microstructure is not 
modelled explicitly anymore. Instead of that, phenomenological material laws are included, namely the failure in such simulations is 
modelled by cohesive interface elements obeying the micromechanically derived traction-separation law identified before. 
 
© 2009 Elsevier B.V. All rights reserved 
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1. Introduction 
Cohesive models are used for numerical crack propagation analyses on various length scales to describe  damage 
and failure of materials and structures. Modern phenomenological cohesive models1,2,3 capture various kinds of 
decohesion processes by a relation between the vector of tractions on the plane of decohesion (the cohesive 
stresses), T, and the material separation, δ, across that plane. Cohesive zones are introduced in finite element meshes 
as surface elements at the boundaries of solid elements, i.e., along pre-defined crack paths. The constitutive relation 
of the cohesive model, the so-called traction-separation law, Τ = f(δ) , cannot be measured directly in general. The 
various functions for the decohesion behaviour proposed and used in the literature (see overview of Brocks et al. 4) 
have in common that they contain at least two characteristic parameters per crack opening mode, a cohesive 
strength, T0, and a critical separation, δc. With these parameters and a given shape, the traction-separation law 
represents the effective mechanical behaviour due to the physical processes of material separation or fracture.  
Most often the cohesive model is used as a phenomenological model, but it has been shown that the shape of the 
separation law has an effect on numerical crack propagation analysis even if the parameters, T0 and δc, are fixed5. In 
order to get realistic simulations, the appropriate shape must be used, for which some reasoning can be found in 
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special cases: for concrete and other materials which are assumed to deform purely elastically until failure, one can 
determine the separation law from experimental fracture tests6, but if the material response is highly nonlinear (e.g. 
ductile metals), a direct determination is not possible. However, physical interpretation of the decohesion process 
can be utilized to generate separation laws: for example, the exponential atomic debonding law, which is used since 
1990 for cohesive modeling2. Another method for the determination is based on multi-scale modeling, where the 
micro-mechanical damage mechanism is simulated by a representative volume element (RVE) with finite elements, 
and subsequently a separation law is extracted from the mesoscopic response of the RVE. After having presented 
this approach for a ductile metal alloy7, it will be applied to a more complex material here, namely a fiber reinforced 
metal-matrix composite, which includes several failure mechanisms: ductile damage for the matrix material, fiber 
breaking and fiber debonding. 
2. Numerical models 
In this section only the damage of the constituents will be addressed. The deformation behavior on the 
microscopic as well as on the macroscopic scale shall be based on simple phenomenological materials laws 
(elasticity or von-Mises plasticity).  
The failure mechanisms involved in the example of the metal matrix composite are manifold: ductile damage for 
most structural metallic alloys can be modeled by the so-called Gurson model8, which also holds for the matrix 
damage of the metal matrix composite. Fiber breaking is modeled by a brittle failure model based on the maximum 
principal stress, and for fiber debonding the cohesive model is the most appropriate tool on the microscale, since it 
models the material interface naturally as separation of fiber and matrix. 
It is noteworthy that the cohesive model as a phenomenological model can be used both on the micro- as well as 
on the macroscale. While the interface is a real one between fiber and matrix on the microscale, it is a virtual one on 
the structural scale. Concerning the latter, interface elements are placed where the crack is supposed to extend 
within the material regardless its microstructure. 
2.1. Cohesive model 
Cohesive interface elements for material separation are available in several commercial codes, e.g. ABAQUS®. 
The constitutive behavior is the traction-separation law (TSL), T(δ), mentioned above. The cohesive elements in 
ABAQUS behave elastically until damage initiation, and obey a softening behavior afterwards, which may be linear 
as the simplest case, see Fig. 1(a) for separation in normal direction only. The cohesive parameters, T0 and δc, are 
shown in the figure as well. The specific energy dissipated by the cohesive element, the cohesive energy, Γ0, can be 
calculated from the area under the curve. 
Since the shape of the function T(δ) may influence the results of the simulation, it is crucial to identify a law that 
is suitable for capturing the crack extension behavior of the material. It is common sense that for brittle materials 
like concrete the shape has a steep softening behavior in the beginning, but a long region with low traction until 
critical separation. Common shapes are shown in Fig. 1(b). For ductile materials on the other hand a pronounced 
region with high cohesive stress is often used as shown in Fig. 1(c). The shape for a more complex material 
consisting of ductile and brittle components will be derived in this paper. 
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Fig. 1. TSLs for cohesive models: (a) linear softening. (b) Two common shapes for brittle materials, and (c) for ductile materials. 
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2.2. Ductile and brittle continuum damage model 
The damage model used for ductile materials is the so-called Gurson model, which is based on a plastic potential 
that contains the void volume fraction, f, as an additional internal variable: 
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One can see that the evolution law for f depends on plastic straining, plijε&  and the plastic potential does not only 
depend on the equivalent stress, σeq, as the von Mises yield criterion, but also on the hydrostatic stress, σh. 
 
The brittle failure model is a rather simple model based on a maximum principal stress criterion, upon which the 
elastic stiffness is reduced linearly to zero in the respective direction with respect to further tensile straining. 
3. Derivation of the Traction-Separation law 
Damage and failure of a material are modeled by finite element simulations on the micro-scale, that is, the mesh 
contains a representative volume of the material under consideration showing the degradation mechanisms of the 
microstructure. For the fiber-reinforced material used in this investigation, several damage mechanisms have to be 
taken into account: fibre breaking, fibre debonding and ductile matrix damage. 
The representative volume element is loaded with constant triaxiality until total failure. As a result, the true stress 
in the main loading direction, σRVE, and the total displacement in the same direction, uRVE, are to be evaluated. The 
curve σRVE(uRVE) is a mesoscopic damage curve (for that specific triaxiality), which can be used directly as a 
traction-separation law for this specific material on the structural scale as proposed in 9. 
This approach has been applied to a short fiber metal-matrix composite made of Titanium alloy (yield strength 
σY = 900 MPa, initial void volume fraction for the Gurson model: f0 = 0.01) reinforced by short SiC fibers (length 
lfib = 0.5 mm, diameter dfib = 50µm, brittle failure strength: σf = 4000 MPa). The single fibers are modeled explicitly, 
whereas the bonding between fiber and matrix is not treated as an additional material layer but simply as an 
interface. The cohesive parameters for fiber debonding (not to be mixed up with the cohesive model on the 
structural scale, which has different parameters and probably a different shape of the TSL) are T0,n = 1050 MPa, 
δ0,n = 0.006 mm, and T0,s = 450 MPa, δ0s = 0.004 mm, respectively. The parameters for this composite material are 
mainly taken from 10, the Gurson parameter f0 was chosen to a rather high value, since no void nucleation was 
included. 
The failure of the composite with arbitrarily oriented fibers is investigated by an RVE containing several fibers in 
different directions. Due to the complexity of such a unit cell, a simplified model containing 12 fibres in the three 
principal directions, each of them embedded in simple cuboids, is generated, see Fig. 2. The maximum number of 
fibres in such an RVE is given by the width to length ratio of the cuboids and the edge length of the RVE, which 
must be an integer multiple of the cuboids’ width. This kind of cell generation allows taking the interaction between 
fibres and the localization of damage in the matrix into account. The simulation has been performed under various 
stress triaxialities in the range [ ]1.3 2.7h eqh σ σ= = K . This range is the most important one for precracked 
structures, which are commonly investigated using the cohesive model. 
The mesoscopic stress-strain behaviour of the cell is shown in Fig. 3a for two triaxialities. These curves can be 
approximated reasonably well by an exponentially decreasing function, e.g. 
I. Scheider / Procedia Engineering 1 (2009) 17–21 19
 Scheider I./ Procedia Engineering 01 (2009) 000–000 
0
0
0
0
0
0
exp
T
T
T
T
T
T
T
δ δ δ
δ
δ δ
δ δ
δ
<
=
−
− >
⎧⎪⎪⎨ ⎛ ⎞⎪ ⎜ ⎟⎪⎩ ⎝ ⎠
  (3) 
with 
0T
δ  being the separation at maximum stress. This function with fitted parameters 
0
, Tδ δ  is shown in Fig. 3a 
as well. One can see that both the cohesive strength and the cohesive energy depend on the triaxiality (see Fig. 3b). 
The cohesive strength increases with increasing constraint, whereas the cohesive energy has an opposite tendency. 
This is in accordance with results reported previously in the literature, see e.g.9,11. 
 
Fig. 2: RVE of a short fiber reinforced metal matrix composite containing twelve fibers in different fiber directions  
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Fig 3: (a) Total deformation of the RVE with (dashed line) and without damage (solid line) for two different triaxialities. The approximation by 
eq. (3) is shown in dashed lines. (b) Dependence of the cohesive parameters T0 and Γ0 on triaxiality. 
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It turns out that, according to the parameters chosen, the fibers do not break, but only debond. The maximum 
stress reached in the fibers is approx. 3000 MPa. Preliminary simulations with higher fiber aspect ratios, lfib/dfib, 
reveal that slimmer fibers are prone to breaking.  Additional studies on the size of the RVE and thus the number of 
fibres therein will follow as well. 
4. Conclusion 
For integrity analyses of engineering structures it is inevitable to perform crack extension simulations. However, 
the microstructure is usually not taken into account in such components. Therefore it is necessary to develop 
numerical tools on the macroscopic scale which take the microstructural behavior of the material into account. A 
traction-separation law, which describes the constitutive behavior of the cohesive model, has been extracted in the 
current paper from representative volume element simulations of a fiber reinforced metal matrix composite. Using 
this information, the failure properties of the composite can be modeled on the structural scale. Obviously, the 
deformation at the lower scale has to be taken into account by physically sound continuum elements with 
appropriate material models. If for example the texture of the fibers plays a role, some anisotropic model for 
elasticity and/or plasticity might be necessary.  
At the present state, experiments are missing to validate the model with engineering structures, but the numerical 
study shows the principle applicability of the scale bridging to assess the structural integrity of materials with 
arbitrary microstructure. 
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